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Diagnostic Soft Flash X-Ray Techniques
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Arimitsu SHIKODA*, Kei TAKAHASHI**, Hiromi SAITO**, Katsuaki SASAKI**,
Takeshi AKITSU**, Shoukou OIKAWA**, Yoshiharu TAMAKAWA**,
Toru YANAGISAWA**, Hiroyasu ARIMA*** Haruo OBARA***,

Yutaka OHTA***  Shogo SUZUKI*** and Hiroshi SEINO***

*School of General Education, Iwate Medical University, 3-16-1 Honcho-dori, Morioka 020, Japan
**School of Medicine, Iwate Medical University, 19-1 Uchimaru, Morioka 020, Japan
**%School of Medicine, Tohoku University, 1-1 Seiryo-cho, Sendai 980, Japan

(Received September 29, 1990, in final form November 14, 1990)

The diagnostic soft flash x-ray generators and their applications to high-speed radiography are
described. Each flash x-ray generator consisted of the following essential components: a high-voltage
power supply, a high-voltage pulser, a high-speed impulse switching system, and an x-ray tube. The
flash x-ray generators may be used for peak tube voltages of 40 to 150kV and the peak currents of less
than 50kA. The exposure times were less than 50us, and the x-ray qualities were primarily determined
by the peak voltages of the x-ray tube. The repetitive rate was determined by the capacity of the main
discharge condenser, the charged voltage, and the current capacity of the high-voltage power supply:
its value was less than 50Hz. But, when a flash x-ray generator with an energy storage condenser was
employed, the repetitive rate can be increased up to 100Hz. Various kinds of high-speed radiography,
e.g., the delayed radiography and the stroboscopic radiography, could be performed by controlling the
following radiographic conditions: the x-ray intensity, the x-ray quality, the exposure time, the delay

time, and the repetitive rate.

Vol. 8 Na 1(1991) -



1. Introduction

After flash x-rays were first discovered on the
late 1930s during the experiments using high-
voltage mercury rectifier tubes, !’ several differ-
ent kinds of flash x-ray generators have been
developed by numerous investigators in order to
analyze the high-speed motions e.g., ballistic
events and crash injuries. '™
In the application of the single flash x-ray gen-

) 10 soft

erator radiography, the following
control functions for the radiographic conditions
are required: (a) the x-ray intensity, (b) the x-ray
quality as an average spectrum distribution, (c)
the effective focal spot size, and (d) the delay

time. Recently, since many kinds of repetitive

12) with photon energies

flash x-ray generators 9
of less than 150keV have been developed in order
to take radiographs of soft tissues, including bi-
omedical objects. Therefore, it becomes that we
can apply the flash x-rays to high-speed strobo-
scopic radiography and multiple exposure radiog-
raphy by controlling the repetitive rate and the x-
ray intensity rate.

For this research, in order to employ more
effectively these flash x-ray generators in soft
radiography, we have reported several types of
flash x-ray generators designed by the authors and
their applications using radiographic characteris-

tics.

2. High-Voltage Transmission Line

The circuit diagrams of typical high-voltage
transmission lines used for soft radiography with
photon energies of less than 150keV are shown in
Fig. 1. Compared to many kinds of existing trans-
mission lines, the lines described in this paper are
selected so that we can design the flash x-ray
generators easier. Figs. 1 (a)-(c) show the elec-
tric circuits for driving the x-ray tubes of the diode
type. The circuit (@) is the simplest type and could
produce the peak tube voltage equivalent to the
condenser charged voltage. The condenser was
charged by a power supply, and the electric
charges in the condenser were discharged by
closing the gas gap switch. A modified Blumlein
circuit for producing an impulse voltage with a
rise time control function is shown in (b). This
high-voltage pulser could produce about -1.5
times the charged voltage, and the rise time can be
controlled by regulating the coil inductance in the
pulser. (€) is a circuit of a modified two-stage
Marx pulser utilizing two ready-made ceramic
condensers, and this pulser could produce 1.6-1.9
times the charged voltage.

Figs. 1(d) and (e) show the transmission
lines for the triode and tetrode, respectively.
Since these are the simplest types without gas gap
switch, it is easy to drive and to construct the flash
x-ray generator. For the triode transmission line,

the condenser was charged from 40 to 100kV, and

the electric charges in the condenser were dis-

P FH R R 2 M S



charged to the triode when a trigger spark is
generated between the cathode and trigger elec-
trodes. In order to regulate the main discharge for
producing flash x-rays, a tetrode with a grid elec-
trode was employed [see (e)].

In order to generate repetitive flash x-rays, a
high-voltage pulser in conjunction with a repeti-
five triggering device are necessary. In addition,
when plural high-voltage pulsers for the diode in
conjunction with a high-power gas diode are
employed, high-intensity repetitive flash x-rays
with variable photon energies with minimum time

intervals of 100us can be produced.

g

(b)
A A \LA
l . SN
71 ¢ c: S ¢y
—

(c) (d) (e)
A s ANODE =g proisTOR
¢ noe (DGR
T : TRIGGER
Fig. 1  Various types of high-voltage pulser

with output voltages of less than
150kV: (a) standard pulser for diode;
(b) modified Blumlein pulser for di-
ode; (€) two-stage Marx pulser for di-
ode; (d) standard transmission line for
triode; and (e) standard transmission
line for tetrode.

Vol. 8 No 1(1991)

3. Electrode Configuration

The electrode configurations are important,

since the radiographic characteristics largely
varied according to conversion method for the
electron beams form a cold cathode into flash x-
rays. Fig. 2 shows six electrode configurations for
the diode, the triode, and the tetrode. For the
diode, there are three electrode configurations
[see Fig. 2(a)-(c)]. When a needle-ring gap
(@) ®® is employed, it is easy to obtain high-in-
tensity x-rays with wide energy latitudes. In con-
trast, as the anode-cathode (A-C) space is made
shorter by using a needle-needle gap (b), >’ com-
paratively small focal spots and flash x-rays with

narrow energy latitudes are easily obtained. In

A
. |
“‘9
c ﬁc . C
[:;:j
(a)x-R” (b) (c)
A A A
B —---3
7% W .
U c ( CT
(d) (e) (f)

Electrode configurations for the flash
x-ray tubes; (a) ring-needle diode; (b)
needle-needle diode; (€) disk-needle
diode; (d) standard triode; (e) triode
with a focusing electrode: and (f) tet-
rode with a focusing electrode and a
grid.



order to make a radiation space with a uniform x-

ray intensity, a needle-plane gap (c)'?

is quite
useful.

For the flash x-ray tube of the triode type, an
electrode configuration (d) '" is popular. But, a
configuration (@) with a focusing electrode can be
applied to a rotating type flash x-ray tube with a
cold cathode. Finally, in order to regulate the
main discharge for generating flash x-rays, an x-

ray tube with a grid electrode (f) is required.

4. Recent Flash X-Ray Tubes

Since popular flash x-ray generators produced

the tube current of more than 1kA, the de-
mountable x-ray tubes were usually employed.
But, in order to construct a compact flash x-ray
generator and to apply to a wide variety of bi-
omedical radiography, the enclosed types of x-ray
tubes are quite useful.

Fig. 3 shows two types of enclosed flash x-ray
tubes designed by the authors. Major parts of the
diode consisted of the followings [see Fig. 3 (a)]
4. a rod-shaped anode tip made of tungsten with
a diameter of less than 3.0mm, a ring-shaped
graphite cathode with a hole diameter of 6.0mm,
a spattering shield made of stainless steel, and an
x-ray window made of beryllium. Next, the triode
consisted of the following devices: an anode rod
made of copper, a plane target made of tungsten,

a rod-shaped cathode made of graphite, a trigger

electrode made from tungsten wires, and a focus-

BERYL IUM
WINDOW

CATHODE

—_—

(a)

]
%
2%
(/{ AcRrLATE
jﬁ RESIN
2
L)
ALASS TRIGGER
.*ELECTRODE
FOCUSING e
ELECTRODE ~ “1-
~TARGET

(b)

Fig. 3 Two types of glass-enclosed type flash

x-ray tubes; (@) ring-needle diode; (b)
triode with a focusing electrode.

ing electrode made of iron. When a trigger im-
pulse was input to the trigger electrode, the cath-
ode produces electron beams, and the beams are
converged to the anode electrode by a focusing

electrode.

5. Flash X-Ray Generators
and their Applications

While we designed many types of flash x-ray
generators, these generators are classified to five

types of generators as follows.

P P {5 A e xS



5.1 High-intensity single flash x-ray
generator
The high-intensity single flash x-ray genera-

tors >%

employed the simplest type of the high-
voltage transmission line [cf. Fig. 1(a)] utilizing
two types of diodes [cf. Fig. 2(a) and (b)]. They
employed large capacity condensers of 0.1-
0.2uF, and the condensers were charged from 40
to 120kV. For these generator with high vacuum
diodes, since a large quantity of plasma x-rays are
generated by the high tube currents of more than
10kA, the x-ray intensities had quite larger val-
ues. But, the effective intensities for performing
radiography are less than 5uC/kg at 1.0m per
pulse. When a low vacuum diode exhausted by a
mechanical booster pump is employed, the plasma
x-rays could not be observed. The pulse widths
of the flash x-rays varied according to several
factors, and their values were less than 300ns.
Fig. 4 shows a radiograph of a human head
obtained by using a ring cathode diode with a
condenser charged voltage (VC) of 90kV, a dis-
tance between the imaging plate and the x-ray
focus (I-F distance) of 1.0m, and an aluminum
filter thickness of 0.5mm. This image is equiva-
lent to one obtained by a conventional x-ray
generator. When a timing switch was employed,
the delayed radiography could be performed.
By using this x-ray tube, since the flash x-rays
with wide energy latitudes were obtained, one

shot dual-energy subtraction radiography using a

thin copper foil could be easily obtained. Fig. 5
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Fig. 4

Radiograph of a human head achieved
with a high-intensity single flash x-ray
generator in conjunction with a ring
cathode flash x-ray tube with a Vc of
90kV, an I-F distance of 1.0m, and an
aluminum filter thickness of 0.5mm.

One shot dual energy subtraction im-

age of a guinea pig (dorsal less)
achieved with a high-intensity flash x-
ray generator as in Fig. 4 with a V_of
94kV, an I-F distance of 1.0m, and a
copper filter of 0.3mm.



shows a subtraction radiograph of a guinea pig
(muscles) with a VC of 94kV, an I-F distance of
1.0m, and a copper filter of 0.3mm. The muscles
and hairs are clearly observed. When an electrode
configuration cf. [Fig. 2(b)] with a short A-C
space was employed, since lower photon energy
spectra with narrow energy latitudes were ob-
tained, the thickness of radiographic object or the
relative density of the contrast medium could be

calculated.

5.2 Triple exposure type of high-
intensity flash x-ray
generator having variable spectra
The triple exposure type of high-intensity
flash x-ray generator having variable spectra '’
can produce the double or triple flash x-rays and
employed three high-voltage pulsers as in Fig. 1
(a).

generators as follows [see Fig. 6]: (a) single tube

This generator classified to two types of

type with a high-power gas diode and (b) triple
tubes type. When the single tube type was em-

ployed, the condensers in the pulsers were
charged to the same or different voltages from 40
to 100kV by using a voltage divider unit, and the
pulsers were connected to the metal body flash x-
ray tube with a ring cathode through a gas diode.
Recently, the gas diode was improved to the gas
triode with a spark electrode. In contrast, when
triple tubes are desired, the pulsers were con-
nected directly to the tubes without a diode. For

the experimental results, the pulse widths were

less than 100ns, and the effective x-ray intensities
for performing radiography were less than 2.0

nC/kg at 1.0m per pulse.

PULSER

VOLTAGE GAS

F
DIODE TUBE

PULSER

HY —
GENERATOR

—_——

UNIT

=
-]...ME ...[-
— ﬁ' nevice T
DELAY TRIGGER

UNIT _W DEVICE

TRIGGER

PULSER

e
TURBO
MOLECULAR

PUMP

(a)

-

PULSER

]

YOLTAGE
DIVIDER
UNIT

PULSER

r
jlip

TRIGGER
DEVICE

TRIGGER

HV —
GENERATOR

TURBO
MOLECULAR
PUMP

DEVICE

TRIGGER
DEVICE

(b)

The block diagrams of two types of
triple flash x-ray generator having
variable spectra: (@) single tube type
and (b) triple tubes type.

Fig. 7 shows a double exposure image of a
breaking glass pipe with the same V‘_ of 70kV, an
I-F distance of 1.0m, and a time interval between
two frames of 5.0ms. A strait glass pipe before

breaking and glass pieces after breaking are

clearly visible.
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Fig. 7

Double exposure image of a breaking
glass pipe achieved with a single tube
type of double flash x-ray generator
with the same V_of 70kV, an I-F dis-
tance of 1.0m, and a time interval be-
tween two frames of 5.0ms.

5.3 Microsecond flash x-ray generator

The microsecond flash x-ray generalorlé’
generally employed a transmission line for the
tetrode [cf. Fig. 1(e)]. This flash x-ray tube con-
sisted of the following major devices: a long
anode tip made of tungsten with a diameter of less
than 3.0mm, a rod-shaped graphite cathode, a
trigger electrode, and a ring-shaped grid elec-
trode. The grid electrode was connected to the
cathode electrode through a resistor. Since the A-
C space was more than 50mm, the discharge
impedance was a larger value. The peak tube
current was decreased by a grid. The exposure
time was less than 50ps, and the repetitive rate was
less than 50Hz. The flash x-ray intensity largely
varied according to changes in the condenser
charged voltage and the capacity. When a small
capacity of 0.01uF was employed, the x-ray inten-

sity was less than 2.0uC/kg at 1.0m per pulse.

Vol. 8 Na1(1991)

Fig. 8 shows the multiple exposure images of
a flying sparrow with a VC of 60kV, an I-F distance
of 1.5m, and repetitive rate of 20Hz. The move-
ments of a sparrow are observed. But, the image

contrast was not good due to the multiple exposure

of x-rays.

Fig. 8 Multiple exposure images of a flying
sparrow by a high-intensity microsec-
ond flash x-ray generator with a V_of
60kV, an I-F distance of 1.5m, and a

repetitive rate of 20Hz.
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5.4 Repetitive flash x-ray generators
with compact dimensions
The compact flash x-ray generators of repeti-

tive types L

employed high-voltage pulsers of
a modified Blumlein [cf. Fig. 1(b)] or a modified
Marx [cf. Fig. 1(c)] types with condenser capaci-
ties during discharge of less than 1000pF. The
pulse widths were less than 100ns, and the maxi-
mum x-ray intensity was about 2.0nC/kg at 0.5m
per pulse. These generators could easily produce
the peak tube voltages of more than 100kV and
could perform soft tissue radiography including
biomedical radiography.

Fig. 9 shows the delayed radiographs of
breaking glass plates from collisions of plastic
bullets achieved with a two-stage Marx pulser in
conjunction with a diode having a disk cathode
made of graphite [cf. Fig. 2(c)]; the radiographic
conditions are as follows: a Vc of 60kV, an I-F dis-
tance of 0.5m, and a time interval between two
frames of 200us. The speed of the bullet before
collision was about 65m/s; four stages in the
breaking of the glass are clearly visible. Next, the
multiple exposure images of a lead pendulum are
shown in Fig. 10. These were achieved with a
Blumlein pulser having a disk-cathode flash x-ray
tube; the radiographic conditions are as follows:
a V{. of 70kV, an I-F distance of 0.5m, and a repeti-
tive rate of 10Hz, The accelerating movements of

a pendulum are observed.

—-14-

Fig. 9

Delayed radiographs of breaking glass
plates from collisions of plastic bullets
by a compact flash x-ray generator
utilizing a two-stage Marx pulser and a
disk cathode flash x-ray tube; the radio-
graphic conditions are as follows: a V
of 60kV, an I-F distance of 0.5m, and
a time interval between two frames of
0.2ms.
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Fig. 10 Multiple exposure images of a lead
pendulum achieved with a flash x-ray
generator utilizing a Blumlein pulser
and a disk-cathode x-ray tube with a VC
of 70kV, an I-F distance of 0.5m, and
a repetitive rate of 10Hz.

5.5 Low-noise flash x-ray generator for
medical x-ray television system

917 i

The low-noise flash x-ray generators
lized a simple transmission line [cf. Fig. 1(d)]
and a triode [cf. Fig. 2(d)]. Since the discharge
impedances between the anode and cathode elec-
trodes had larger values compared to those ob-
tained by using diodes, the tube voltages did not
display the damped oscillations. Thus, the change
rates of the tube currents dJ/dt were quite small.
The pulse widths of the flash x-rays were about
2us, and the effective x-ray intensities for radiog-
raphy were less than 1pC/kg at 0.5m per pulse.
The x-ray quality became hard according to in-
creases in the condenser charged voltage, and the
repetitive rate was less than 50Hz.

Fig. 11 shows a trial experiment concerning

Vol. 8 No1(1991)

Fig. 11 Stroboscopic radiography of a metro-
nome by a high-speed television sys-
tem in conjunction with a low-noise
flash x-ray generator having a triode;
the radiographic conditions are as fol-
lows: a VC of 60kV, a distance between
the x-ray focus and the intensifier of
0.5m, and a repetitive rate of 10Hz.



stroboscopic radiography of a metronome with a
VC of 60kV, an I-F distance of 0.5m, and a repeti-
tive rate of 50Hz. The complete stoppage of the
pendulum is clearly visible. Using this x-ray
television system, it is easy to obtain radiographs

of biomedical objects.

7. Discussion

In this paper, we simply introduced some flash
x-ray generators with cold cathode x-ray tubes,
but if the lower x-ray intensities are permitted, the
flash x-ray generators with hot cathodes or photo
cathodes radiation tubes can be realized.

For the repetitive pulsed x-ray generator
having a hot cathode x-ray tube, we succeeded in
generating repetitive x-rays with pulse widths of
about 1lps and repetitive rates of more than
1kHz.'"® Since the x-ray intensity per pulse can be
increased by increasing the tube current, the tube
voltage, and the exposure time, the pulsed x-ray
generator with a hot cathode radiation tube can be
applied to a wide variety of soft tissue of biomedi-
cal objects.

By considering the experimental results for
the microsecond flash x-ray generator, since the
rotating anode can be effectively applied to the
cold cathode x-ray tube, the high-intensity flash
x-ray generator with a repetitive rate of less than
100Hz may be realized by using a technique for

cutting the wave tail of the tube voltage.
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Influence of Tube Voltage on Nonscreen X-ray Film Graininess
Katsumi NiwA, Shinya HIROTA, Kouji YAMAMOTO, Nobuya OKAWA
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The purpose of this study was to clarify the influence of the tube voltage on the graininess of
nonscreen x-ray film. The tube voltage was set at 10 kV intervals from 40kv to 90kV. Total filtration
used was 27mm as the aluminium equivalent. Ag-particle size was determined microscopically by
measuring the length on the x-axis of the particle image incorporated in the memory one-dimension-
ally. In order to compare with the film graininess only, the particle size when x-ray film was exposed
to visible ray from a fluorescent lamp was also determined. ULTRA speed film manufactured by Kodak
Co. was used in this experiment.

Results obtained were as follows: Among 10* particle sizes thus determined, there were about
9 particles of 10um in size from visible ray. On the other hand, approximately 30 particles were
confirmed with 90kV, 27mm Al filtration. When these particles were observed microscopically, it
was revealed that the greater part of Ag-particles were identical irrespective of the tube voltage.
However, a large mass of Ag-particle was found to be formed when the tube voltage was high.

In the case of nonscreen x-ray film, the film was directly sensitized with x-ray. It was also
estimated that the mass formation of Ag-particles may be attributable to the scattered ray (photoelec-

tron) from first interacted Ag-particle.
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Compression Scheme for Medical Multi-valued images
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An arithmetic coding is well known as a powerful and an interesting data compression techniques
from information theoretic viewpoints. For the practical use, some fundamental problems such as an
error propagation and an application to multi-valued images instead of mono-chromatic images have
been remained unsolved. In order to apply this technique for the multi-valued images, a simplified
and a feasible processing method have to be developed.

In this paper, in order to adopt the specified statistical properties of the images, Markov source
model was formulated to express the correlation value between the digits in binary expression of
brightness. That is, statistical properties of lower order digits in the binary expression are modified
with dependent on both the brightness of higher order digits and the brightness of neighboring pixels.
Simulation studies were carried out for SIDBA images and X-ray image to show the effectiveness of

our approach.
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Table 1 Entropy conditioned on three differ-
PY
ent regions for each bit plane

iasia n and n-1 n and n+l n

RaE plane plane plane
8 0.035 0.134 0.134
7 0.074 0.388 0.198
6 0.192 0.331 0.336
5 0.438 0.544 0.631
4 0.739 0.623 0.823
3 0.960 0.807 0.966
) 0.999 0.880 0.998
1 0.997 0.739 0.997
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Table 2  Total results of compression experi-
ments
Code Length (bit) Orig. image (bir)
3 [3 8
image neighbors neighbors neighbors
Mandrill 447765 437311 431740 524288 (256 X 256 = 8)
compr. rate| 0.8540 0.8341 0.8235
entropy 0.8540 0.8341 0.8235
Cirl 330959 324321 317221 524288 (256 x 256 x B)
compr. rate| 0.6312 0.6186 0.6051
entropy 0.6312 0.6186 0.6051L
Moon surf. 350728 364729 339285 524288 (256 x 256 x 8)
compr.rate | 0.6690 0.6675 0.6471 g
entropy 0.6690 0.6675 0.6468
X-ray 754635 720680 692360 1638400 (400 x 512 x 8)
“compr.rate | 0.4606 0.4399 0.4226
entropy 0.4606 0.4399 0.4224
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